The resolution of lithography techniques needs to be extended beyond their current limits to continue the trend of miniaturization and enable new applications. But what is the ultimate spatial resolution? It is known that single atoms can be imaged with a highly focused electron beam. Can single atoms also be written with an electron beam? We verify this with focused electron-beam-induced deposition (FEBID), a direct-write technique that has the
M iniaturization has brought a wealth of applications in the past decades, driven by the developments in the semiconductor industry. Optical lithography with 193 nm wavelength produces circuits with 32 nm features, allowing integrated circuits to contain a million times more transistors than 40 years ago. 1 To continue the trend of miniaturization and enable new applications, the resolution of lithography techniques needs to be stretched beyond their current limits. The ultimate limit in lithography, the manipulation of single atoms, has been demonstrated with the scanning tunneling microscope (STM), 2 which has led to the single atom transistor. 3 However, it remains challenging to apply the deterministic method of picking up and placing atoms on an industrial scale. In comparison, lithography techniques based on (electron) optics are easier to scale. Can the ultimate resolution limit compete with STM writing? The best resolutions of these (electron) optical lithography techniques are compared in Figure 1a . State-of-the-art electron beam lithography (EBL) reaches a resolution of 5 nm by using ultrathin resists. 4 A higher resolution is obtained with focused electron-beam-induced deposition (FEBID), where a layer of adsorbed precursor molecules is used instead of a resist layer. The deposition of dots with a full width at half-maximum smaller than 1 nm using FEBID has been reported. 5 Here we present the molecule-by-molecule deposition on few-layer graphene of an organometallic precursor with FEBID. FEBID relies on the dissociation of adsorbed precursor molecules by a focused beam of electrons, working as locally activated chemical vapor deposition. Transiently adsorbed precursor molecules are fragmented in the bombardment with the electrons, and the nonvolatile fragments form the desired deposit (see Figure 1b for a schematic drawing). Generally, the width of a deposit (when created with a stationary electron beam) increases with the exposure time, with wider deposits being created with larger electron doses. 6À8 Therefore, smaller deposits can be obtained simply by decreasing the electron exposure. However, when nanometer-scale deposits are written with FEBID, the process is dominated by Poisson statistics. Provided the size of the deposit is small enough, the current record for the smallest feature written by (electron) optical lithography. We show that the deposition of an organometallic precursor on graphene can be followed molecule-bymolecule with FEBID. The results show that mechanisms that are inherent to the process inhibit a further increase in control over the process. Hence, our results present the resolution limit of (electron) optical lithography techniques. The writing of isolated, subnanometer features with nanometer precision can be used, for instance, for the local modification of graphene and for catalysis.
KEYWORDS: single molecule . local modification . nanostructuring . in situ electron microscopy . focused electron-beam-induced deposition ARTICLE amount of deposited material is not linearly proportional to the electron exposure time but is instead determined by the statistics on the number of dissociated molecules. 9 This makes it impossible to extend the existing strategy of merely decreasing the electron exposure time to reduce the deposit size. If we want to go beyond the current resolution limit, it is necessary to use a technique that compensates for the randomness of the process.
RESULTS AND DISCUSSION
We use a dedicated scan routine for the moleculeby-molecule deposition in a scanning transmission electron microscope (STEM). With a focused electron beam of about 0.3 nm in diameter, we alternate deposition (exposure of the sample by the stationary electron beam) and imaging (rastering over an area of 1.8 by 1.8 nm, centered around the exposed region, pixel size 0.12 nm). During rastering, we collect the transmitted annular dark-field (ADF) signal for Z-contrast imaging, which is registered in V. The intensity of the ADF signal is proportional to the thickness of the sample and the atomic number Z, provided that the (electron-transparent) sample is thin. 10 This enables us to record a movie of the growing deposit and quantify the amount of deposited material in situ. 5 Figure 2a shows a schematic drawing of the iteration procedure. Both the deposition and the imaging are done in the presence of the precursor gas W(CO) 6 , which is introduced into the microscope at a pressure of 2 Â 10 À5 mbar.
We use few-layer graphene as the support to avoid undesired broadening of the deposits due to secondary electron emission. Secondary electrons are generated by the incident (primary) electrons in the support and play a dominant role in the dissociation process. We observe that on amorphous carbon membranes, which are typically between 5 and 30 nm thick, the first nuclei that form the base of the deposits are distributed over an area that is larger than the frames of the growth movies. This is the case even for amorphous carbon membranes as thin as 1 nm and for graphene oxide. This behavior is consistent with the emission of secondary electrons from the support, which have attenuation lengths of 1 nm or more at an energy below 7 eV. 11 This inherent limitation of the amorphous membranes is avoided by using graphene as support. Graphene is the thinnest support material available for TEM experiments, so that broadening of the deposit due to secondary electron emission is negligible. It has the additional benefit of offering excellent contrast for the imaging of nanodeposits created from W(CO) 6 . 12 Prior to the deposition, the microscope and sample holder are plasma cleaned. After loading the sample, it is annealed in situ at 500°C for 10 min. During deposition, a liquid-nitrogen-cooled anticontamination device is used to minimize contamination. We have found that this cleaning procedure generally gives optimal deposition conditions, and it enables hours of contamination-free imaging of samples at room temperature. An exception to this is large-area single-layer graphene, which we are not able to image contamination-free. Exhaustive additional cleaning does not reduce the contamination level (see Supporting Information for more details). Therefore, we use few-layer graphene prepared by chemical exfoliation 13À15 as a support for our experiments. Bright-field TEM images of few-layer graphene flakes are shown in Figure 2b ,c.
The ADF image in Figure 3a shows the few-layer graphene after the deposition of a nanodot. All ADF images that are shown in this paper are raw data as recorded without image processing being applied. Figure 3b shows the ADF signal as a function of time; each data point represents the integrated intensity of a single frame. The ADF signal decreases slightly for the first 3.5 s, before it starts to increase. We attribute this initial decrease to the sputtering of the carbon atoms from the few-layer graphene by the 300 keV incident ARTICLE electrons. 16 Additional examples of the growth curves are shown in the Supporting Information.
The ADF signal in Figure 3b increases in steps. After prolonged exposure, the increase becomes more gradual and steps can no longer be identified. We have collected data from a total of 13 growth experiments in a histogram depicted in Figure 4a . The only form of data treatment we have applied is the removal of the negative slope that is observed at the start of the experiment at times. The data cluster in distinguishable peaks. The first and most intense peak, around 0 V, originates from the few-layer graphene that is imaged and can be considered as the background level. Between 0.5 and 3.0 V, three peaks are observed equally spaced at 0.6 V. These peaks are related to the visible steps in the growth curves.
In the histogram in Figure 4b , the distribution of the step durations is plotted. It is observed that it takes considerably longer to reach the first step (on average 5.6 s) than to reach the second or third step (0.9 and 2.1 s, respectively). This is consistent with the residence time of the precursor molecules, which is longer on the deposit itself than on the virgin graphene. This leads to a higher probability of dissociation and a higher growth rate once the initial deposit has formed. 12 The step value of 0.6 V is consistent with the expected ADF voltage of a dissociated W(CO) 6 molecule. In the experiment, the transmitted electrons are recorded with an annular detector, recording the annular dark-field signal. In the few-layer graphene, the incident electrons undergo single scattering. Therefore, the ADF signal is element-dependent:
where I W and I C are the signal generated by a tungsten and a carbon atom, respectively, Z is the atomic number, and R is the scattering factor. Values for R, measured and calculated at the collecting angle used in our experiment (68 mrad), are 1.64 17 and 1.74, 10 respectively. Therefore, we conclude that R = 1.69 in our experiment. We calibrate the ADF signal with the lacey carbon membrane from the sample. From earlier experiments with 1 nm thick membranes, 18 we have determined that the lacey carbon membrane used in the currently described experiments is 31.0 nm thick. In these conditions, the ADF signal is proportional to the membrane thickness, so that it is valid to use the ADF signal for quantification. 17 When imaging this membrane with the standard FEI imaging software, this generates 5.5 Â 10 3 counts, or I 1nmC = 176 counts/nm. On the National Instruments card, this is I 1nmC = 8.2 Â 10 À3 V/nm. The number of carbon atoms N exposed to the electron beam in a slice of 1 nm thickness is
where N A is Avogadro's constant, F = 1.7 g/cm 3 , 27 and M = 12.01. V carbon is
where d beam is 0.3 nm, the diameter of the electron beam. From the calculation, it follows that N = 6. Four carbon atoms/nm contributes to the ADF signal. Combined with the value for I 1nmC , this leads to an intensity per C atom of I C = 1.3 Â 10 À3 V/atom. To correlate I W to the values found in the histogram in Figure 4 , we have to take into account that a single W atom sitting on the few-layer graphene is sampled several times by the electron beam. In the experiment, the pixel size is 0.12 nm. The point spread function of the microscope determines the observed diameter of isolated heavy atoms when they are imaged in the STEM. 19 Therefore, the accumulated intensity that represents a single W atom in the growth curves and in the histogram is
This leads to an accumulated intensity ΣI W = 0.44 V. However, it is anticipated that W(CO) 6 does not decompose to W. Organometallic precursors rarely decompose to pure metal deposits under electron irradiation, and methods to improve the purity after deposition are being studied. 7 Generally, deposits from 6 to create deposits with a relatively high metal content, the deposit composition being 55% W, 30% C, and 15% O. 20 Such deposits consist typically of nanocrystals (2À5 nm) embedded in a matrix of oxygen and amorphous carbon, 21 where the nanocrystals consist of W, WC, WO 2 , and WO 3 . 22 This is consistent with what we measured for deposits created under conditions that are similar to those we presently describe. 12 In our experiment, a less favorable degree of dissociation is considerably more likely, as the beam current is relatively low so that fewer dissociation events are expected. Also, the ADF signal during the first few steps in the growth curve is generated by molecules in the first moments after deposition when they have received a low electron dose. It is known that continued irradiation of a deposit can lead to the removal of additional ligands (such as in the case of Koops et al.) . 20,23À25 This additional removal is unlikely during the initial steps in the growth curve. The minimal degree of dissociation is the loss of just one ligand, so that W(CO) 5 remains on the surface. For this situation, the estimated ADF voltage is 0.52 V. That gives an estimate of the most probable ADF intensity for a single dissociated W(CO) 6 molecule of 0.44À0.52 V.
The consistency between the expected values (0.44À0.52 V) and the experimentally obtained value (0.6 V) suggests that we observe molecule-by-molecule deposition. This demonstrates that it is possible not only to image single atoms and organometallic molecules with an electron beam 26 but also to observe the deposition of invididual organometallic molecules. This is more than an order of magnitude beyond the state-of-the-art of other (electron) optical lithography techniques and puts FEBID in the same spatial regime as bottom-up chemistry. This can, for instance, be used for catalysis, 27 the decoration of graphene with metal for electronics, 28, 29 and the controlled metal-mediated etching of graphene. 30 An important aspect of this work is that it reveals the limit of lithography with (electron) optical systems. Figure 5 shows that nuclei are found on the graphene in the vicinity of the intentional deposit after completion of the deposition experiment. These nuclei, clusters of dissociated precursor molecules, are indicated with arrows in Figure 5b . This is caused by molecules that are adsorbed on energetically favorable positions nearby, such as defects created by the 300 keV electrons 16 or step edges. On these sites, the residence time of the precursor molecules is higher than on the pristine graphene. The longer residence time significantly increases the probability of dissociation by secondary electrons. Although the number of these nuclei outside the area illuminated by the primary electron beam is much reduced when compared to deposition on amorphous membranes, it prevents us from pushing the mass resolution limit even further and reproducibly deposit single molecules.
Finally, atom-by-atom (rather than molecule-bymolecule) deposition will be possible by exchanging W(CO) 6 with a fully dissociable precursor. For instance, the precursor AuCl(PF) 3 has been used to deposit pure gold, 31 but its thermal instability makes it very challenging to use. With the development of new and dedicated FEBID precursors, stable compounds will be found that fully decompose to pure metal and enable atom-by-atom writing with an electron beam on ultrathin supports such as (few-layer) graphene or boron nitride.
CONCLUSIONS
In conclusion, we have studied the deposition of W(CO) 6 on few-layer graphene with focused electronbeam-induced deposition. A dedicated scan strategy enables us to observe the deposition of the organometallic precursor in situ using the annular dark-field signal in a STEM. In the initial stages of the deposit growth, the recorded signal increases stepwise. The height of these steps is consistent with the expected signal for a single precursor molecule, which demonstrates that we can follow the deposition molecule-bymolecule. We observe that it takes considerably longer to deposit the first molecule on the graphene than to deposit subsequent molecules. This is explained by the fact that the residence time of the precursor molecules (prior to dissociation) is longer on the deposit than on the virgin graphene.
The scan strategy is effective when using graphene as support. On thicker (amorphous) supports, the deposits nucleate in an area that is larger than the area that can be sampled with the electron beam, so that the stepwise growth of the deposits is not observed. When graphene is used as support, isolated nuclei are observed in the vicinity of the intentional deposit after completion of a deposition experiment. Although the number of these nuclei outside the area ARTICLE illuminated by the primary electron beam is much reduced when compared to deposition on amorphous membranes, it prevents us from pushing the mass resolution limit even further. Therefore, the current results present the resolution limit of (electron) optical lithography.
METHODS
Few-layer graphene is prepared by chemically exfoliating graphite, following the procedure described in refs 13À15: 10 mg of graphite in 10 mL of N-methyl-2-pyrrolidinone (NMP) is sonicated for 2 h at 100 W. After sonication, the suspension is centrifuged at 2000 rpm for 10 min. Droplets of the supernatant are placed on a lacey carbon membrane, supported on a Au grid (300 mesh grids, LC325-Au, Electron Microscopy Sciences). Figure  S1 (Supporting Information) shows micrographs of the few-layer graphene (recorded at 80 keV) after annealing in the microscope. The flakes are distributed over the lacey carbon. The selected areas are 3À5 layers thick, determined from the number of edges that are visible.
An FEI Titan environmental STEM is used for deposition and imaging. Bright-field TEM imaging of the graphene is done at 80 keV. The settings for the acceleration voltage and spot size in STEM mode are a trade-off between beam size (imaging resolution) and probe current (signal-to-noise ratio). The microscope is operated at 300 keV and spot 7, at which 50% of the beam current is contained within 0.3 nm. The spot size is calculated for a spherical aberration of 1.2 mm, a chromatic aberration of 1.6 mm, an energy spread of 1 eV, a semiconvergence angle of 10 mrad, a geometrical probe size of 0.05 nm, and a defocus of 40 nm. The annular dark-field signal is used for all imaging, and the collecting angle is 68 mrad. The contrast/brightness settings (60.167 and 56.435%, respectively) are selected for optimal signal-to-noise ratio on the ADF signal. All pre-and postdeposition imagings are done with the standard FEI imaging software, where the ADF signal is recorded in counts.
From a National Instruments card, the scan signal is fed into the microscope via a switch card. The scan routine iterates between irradiating the sample with a stationary beam (duration t irradiate = 1.12 Â 10 À1 s) and scanning the beam over an area of 1.8 Â 1.8 nm, centered around the point of irradiation. The scan consists of 15 Â 15 pixels, with a pixel size of 0.12 nm and an exposure time per pixel of 5 Â 10 À5 s. The total time for a single scan (t scan ) is 1.13 Â 10 À2 s, so that the condition t irradiate = 10 Â t scan is valid. This ensures that the deposition is the result of the irradiation step, rather than the scanning step during the growth experiment. Before going to the next iteration, the electron beam is moved to a parking position while writing the recorded ADF signal to file. The ADF signal is measured at the output of the preamplifier and is recorded in volts.
The precursor is W(CO) 6 (CAS 14040-11-0, supplier Strem Chemicals Inc., 99% purity). The precursor is transferred to a glass vial in a nitrogen atmosphere. Before starting the deposition experiments, the reservoir is pumped for several hours and the mass spectrum is recorded. The precursor pressure during writing is 2 Â 10 À5 mbar. The deposition of tungsten is verified with electron energy loss spectroscopy. The scattering factor being 1.69, the intensity ratio of W to its ligands (5 CO) in the ADF signal is 5.1, which means that the ADF detection is sensitive primarily to W.
